Alkali salts of 1-methyl-5-nitriminotetrazole (1, 1-MeAtHNO 2 ) are common intermediates in the synthesis of alkylated nitriminotetrazoles and their derivatives and can be used as brilliant coloring agents in modern pyrotechnics, due to their cations in combination with the high nitrogen contents. The structures of the crystalline state of A + 1-MeAtNO 2 − · x H 2 O (A = Li + , x = 1 (2), A = Na + (3), A = K + (4), A = Rb + (5) and A = Cs + (6), all x = 0) were determined using low temperature single crystal X-ray diffraction. In addition, the compounds were characterized using vibrational (IR and Raman) and multinuclear NMR spectroscopy ( 1 H, 7 Li, 13 C, 14 N, 15 N), elemental analysis and differential scanning calorimetry (DSC). Since tetrazoles are known to be promising energetic materials, the heats of formation were calculated using experimentally determined heats of combustion obtained by bomb calorimetry. The sensitivities of all compounds were tested using the BAM drophammer and friction tester showing them to have no sensitivity neither against friction (< 360 N) nor impact (< 50 J). Crystal data: 2: monoclinic, P2 1 , a = 3.5152(3), b = 12.3308(9), c = 7.3381(5)Å, β = 92.068 (7) • , V = 317.86(4)Å 3 , Z = 2, δ = 1.756 g cm −3 ; 3: monoclinic, P2 1 /n, a = 3.6071 (2) 
Introduction
Metal salts of tetrazoles [1, 2] are still an important field of organic and inorganic chemistry due to the theoretical and practical significance of these unique compounds and the diversity of their properties. Derivatives of tetrazoles [3, 4] can be used as energetic materials [5] since most of them are endothermic compounds owing to their high nitrogen content on the one hand and their astonishing thermal stabilities due to the aromaticity on the other [6, 7] . Alkali and alkaline earth metal salts of tetrazoles [8, 9] can be used as coloring agents in modern pyrotechnic compositions [10] due to their brilliant flame colors and simple accessibility [11] . One of the most exiting classes of tetrazoles are 5-substituted tetrazoles [12] (Fig. 1 ) because their properties can be controlled by using different substituents at the carbon atom. While electrondonating groups such as NH 2 [13] or OH [14] yield rather stable compounds, electron-withdrawing groups 0932-0776 / 07 / 1100-1343 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com such as NO 2 [15] and CN [16] destabilize the ring system and lead to highly sensitive materials. The extreme 
explosive character of 5-azidotetrazole (C) [17] and 5-nitriminotetrazole (D) [18, 19] is based more on the energetic azide and nitramine groups than on the electronic influence of these groups on the ring system. Tetrazoles usually can either be protonated forming tetrazolium salts [20, 21] or deprotonated forming tetrazolates [22] . While deprotonation increases the thermal stability of tetrazoles, a protonation can lower the decomposition temperature. In this work a series of alkali tetrazolates of 1-methyl-5-nitriminotetrazole, a poorly described compound with interesting energetic properties, are presented. Nitriminotetrazoles [23] and nitriminotetrazolates [24 -28] are of special interest because they combine both the oxidizer and the energetic nitrogen-rich backbone in one molecule.
Results and Discussion

Synthesis
The synthesis of the alkali 1-methyl-5-nitriminotetrazolates is shown in Scheme 1. All reactions were performed in water, in case of Li + and Na + the metal hydroxides, in case of K + , Rb + and Cs + the corresponding carbonates were used. Single crystals were obScheme 1. Synthesis of the compounds 1 -6. tained by recrystallization from water or water-ethanol solutions.
Molecular structures
The molecular structures in the crystalline state were determined using an Oxford Xcalibur3 diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD detector with an X-ray wavelength of 0.71073Å. The data collection was performed with the CRYSALIS CCD software [29] , the data reduction with the CRYSALIS RED software [30] . Dihedral angles: The structures were solved with SIR-92 [31] , SIR-97 [32] or SHELXS-97 [33] and refined with SHELXL-97 [34] and finally checked using PLATON [35] . In all structures the hydrogen atoms were located and refined. The absorptions were corrected by a SCALE3 ABSPACK multi-scan method [36] . In the case of the monoclinic space group of 2 the Friedel pairs were merged. All relevant data and parameters of the X-ray measurements and refinements are given in Table 1 [37] . Lithium 1-methyl-5-nitriminotetrazolate (2) crystallizes as the monohydrate in the monoclinic space gen atom O2 of a neighboring tetrazolate
. This coordination results in endless chains with the units bridged by the oxygen atoms of the NO 2 groups as illustrated in Fig. 3 .
The sodium salt 3 of 1-methyl-5-nitriminotetrazole crystallizes in the monoclinic space group P2 1 /c with four molecules in the unit cell. The bond lengths and angles in the molecular unit (Fig. 4) are similar to those observed in 2 and can be found in Table 2 . Again the tetrazolate ring is planar and the nitramine group lies in this plane (torsion angle C1-N5-N6-O1 = 2.3(4) • ).
The sodium cations are six-coordinated by the atoms O1 (2.561(2)Å), O2 (2.441(2)Å), N3 i (2.513(3)Å), O2 ii (2.430(2)Å), O1 iii (2.349(2)Å) and N4
iii (2.392(2)Å) building no regular geometry ( i x, 1 + y, z; ii −1 + x, y, z; iii 2 − x, −0.5 + y, 0.5 − z). The packing (Fig. 5) can be described as a 2-D structure with hooked stacking.
Potassium 1-methyl-nitriminotetrazolate (4) crystallizes analogously to compound 3 in the monoclinic space group P2 1 /c with four molecules in the unit cell and a density of 1.948 g cm −3 . There are nearly no differences in the molecular moiety (Fig. 6 ) as well as in the packing. The relationship to the sodium salt can also be seen in the similar Raman spectra (see below).
The rubidium salt 5 crystallizes in the monoclinic space group P2 1 /n with eight molecules in the unit cell and a density of 2.258 g cm −3 . One molecular unit is illustrated in Fig. 7 . The bond lengths and angles are similar to those described above.
Cesium 1-methyl-5-nitriminotetrazolate (6) also crystallizes in the monoclinic crystal system in the space group P2 1 /n with four molecules in the unit cell and a density of 2.618 g cm −3 . The molecular moiety and the nearest coordination distances to the cesium cations (d(Cs-O2) = 3.038Å, d(Cs-N4) = 3.132Å) can be seen in Fig. 8 .
The packing of the structure, in which the cations and anions form 1-D stags along the a axes, is illustrated in Fig. 9 .
Vibrational spectroscopy
1 and its salts 2 -6 can be easily identified using vibrational spectroscopy (IR and Raman). After deprotonation, the absorption band of the C=N stretching of 1-methyl-5-nitriminotetrazole at 1670 -1580 cm −1 is found at lower wavenumbers (1500 -1550 cm −1 ). The Raman spectra are shown in Fig. 10 . The spectra of the alkali salts contain further characteristic absorption bands, which were assigned by calculating (DFT B3LYP/CC-PVDZ) the vibrational spectra after optimizing the geometry of the anions using the GAUSSIAN 03 software [38] 
NMR spectroscopy
The alkali salts 2 -6 were characterized using multinuclear ( 1 H, 7 Li, 13 C, 14 N, 15 N) NMR spectroscopy. All shifts are given with respect to CH 3 NO 2 ( 14 N, 15 N) and TMS ( 1 H, 13 C) as external standard. In all cases D 2 O was used as solvent. In the 1 H spectra only the methyl protons and in the case of the monohydrate the crystal water can be seen. The 7 Li spectrum of 2 shows one signal at −1.00 ppm. The 13 C NMR spectra show two signals, caused by the methyl groups and the highfield shifted tetrazole carbon atom. For compound 3 the proton-coupled as well as the proton-decoupled NMR spectra (with full NOE) were recorded. The assignments are based on the analysis of the 15 N, 1 H coupling constants and on comparison with literature [23] . The proton-coupled 15 N NMR spectrum of compound 3, representative for all five alkali salts, is shown in Fig. 11 .
Physico-chemical properties
Differential scanning calorimetry
DSC measurements determining the thermal behavior of the alkali 1-methyl-5-nitriminotetrazolate salts were performed in covered Al containers with a nitrogen flow of 20 mL min −1 on a Perkin-Elmer Pyris 6 DSC [39] , calibrated by pure indium and zinc standards at a heating rate of 5 • C min −1 . The DSC plots in Fig. 12 show the thermal behavior of ca. 1.5 mg of 2 -6 in the temperature range from 50 -400 • C. The salts 2 -6 show melting points between 230 and 280 • C followed by decomposition ranges above 300 • C. The lithium salt 2 shows the loss of its crystal water starting at a temperature of 140 
Bomb calorimetry
For all calorimetric measurements a Parr 1356 bomb calorimeter (static jacket) equipped with a Parr 1108CL oxygen bomb for the combustion of highly energetic materials was used [40] . The samples (ca. 200 mg) were pressed with a well-defined quantity of benzoic acid (ca. 800 mg) to form a tablet, and a Parr 45C10 alloy fuse wire was used for ignition. In all measurements a correction of 2.3 (IT) cal cm −1 for burned wire has been applied, and the bomb was examined for evidence of non-combusted carbon after each run. A Parr 1755 printer was connected to the calorimeter to produce a permanent record of all activities within the apparatus. The reported values are the average of three single measurements. The calorimeter was calibrated by combustion of certified benzoic acid (SRM, 39i, NIST) in an oxygen atmosphere at a pressure of 3.05 MPa. Typical experimental results of the constant volume combustion energy (∆U c ) of the salts are summarized in Table 3 . The standard molar enthalpy of combustion (∆H c
• ) was derived from ∆H c • = Scheme 2. Combustion equations of the salts 2 -6.
∆U c + ∆nRT (∆n = ∆n i (products, g) -∆n i (reactants, g); ∆n i is the total molar amount of gases in the products or reactants). The enthalpy of formation, ∆H f • , for each of the salts was calculated at 298.15 K using the Hess thermochemical cycle and the combustion reactions given in Scheme 2. The heats of formation of the combustion products were obtained from the literature [41] .
The results of the determination of the heats of formation show the trend of decreasing in the endothermic character for compounds 2 -6. The inclusion of crystal water leads to exothermic heats of formation [9] as it can be seen for compound 2. While the sodium salt is slightly endothermic, the cesium salt is characterized by a strong exothermic character. ∆H f (kJ mol −1 ) 2: −401, 3: +9, 4: +4, 5: −148, 6: −217.
Sensitivities and flame colors
The sensitivities of all compounds 1 -6 were tested using the BAM drophammer and friction tester [42 -44] . While 1-methyl-5-nitriminotetrazole shows high sensitivity against impact (> 12.5 J) and friction (> 160 N) and should only be handled with appropriate precautions, the alkali salts are sensitive neither towards impact (> 100 J) nor friction (> 360 N). All salts are characterized by a nearly smokeless combustion and the generation of brilliant flame colors, which are based on the alkali cations (Li: red, Na: yellow, K: light red, Rb + : purple, Cs + : lavender).
Conclusion
From this experimental study the following conclusions can be drawn:
• 1-Methyl-5-nitriminotetrazole can be easily deprotonated using metal hydroxides or carbonates in water forming the corresponding metal salts.
• Single crystals of the products can be obtained by recrystallization from water / ethanol mixtures. The structures in the crystalline state were determined using low temperature X-ray diffraction. Except for the lithium salt which forms a monohydrate, the alkali 1-methyl-5-nitriminotetrazolates crystallize without inclusion of crystal water, in the monoclinic system.
• In contrast to the neutral 1-methyl-5-nitriminotetrazole, its salts are sensitive neither towards friction nor impact and show melting points between 230 and 280 • C followed by decomposition ranges above 300 • C. The combustion is nearly smokeless, and brilliant flame colors are produced.
Experimental Section
All reagents and solvents were used as received (SigmaAldrich, Fluka, Acros Organics) if not stated otherwise. 5-Aminotetrazole (97 %) was purchased from Aldrich. Melting points were measured with a Perkin-Elmer Pyris 6 DSC, using heating rates of 5 • min −1 . Otherwise melting points were determined with a Büchi Melting Point B-450 apparatus and are not corrected. 1 H and 13 C spectra were recorded with Jeol Eclipse 270, Jeol EX 400 or Jeol Eclipse 400 instruments. All chemical shifts are quoted in ppm relative to TMS ( 1 H, 13 C), CH 3 NO 2 ( 14 N, 15 N) and LiCl ( 7 Li). Infrared (IR) spectra were recorded using a Perkin-Elmer Spektrum One FT-IR instrument. Raman spectra were measured using a Perkin-Elmer Spektrum 2000R NIR FT-Raman instrument equipped with a Nd:YAG laser (1064 nm). Elemental analyses were performed with a Netsch STA 429 Simultaneous Thermal Analyzer. Bomb calorimetry was carried out using a Parr 1356 Bomb calorimeter with a Parr 1108CL oxygen bomb. The sensitivity data were obtained using a BAM drophammer and a BAM friction tester. 
CAUTION!
1-Methyl-5-nitriminotetrazole (1)
1-Methyl-5-aminotetrazole (1.98 g, 0.02 mol) was added in small portions to 10 mL of ice-cooled HNO 3 (100 %). After 2 h the ice bath was removed and the solution was stirred for further 20 h. Afterwards the reaction was quenched with 10 mL of cold water and the HNO 3 was removed using high vacuum until the colorless product started to precipitate. The crude product was recrystallized from hot ethanol (2.74 g, 95 % yield) [18] .
Lithium 1-methyl-5-nitriminotetrazolate monohydrate (2) 
